f One outcome of activation of the phosphatidylinositol 3-kinase (PI3K) pathway is increased aerobic glycolysis, but the upstream signaling events that regulate the PI3K pathway, and thus the Warburg effect, are elusive. Increasing evidence suggests that Plk1, a cell cycle regulator, is also involved in cellular events in addition to mitosis. To test whether Plk1 contributes to activation of the PI3K pathway, and thus aerobic glycolysis, we examined potential targets of Plk1 and identified PTEN as a Plk1 substrate. We hypothesize that Plk1 phosphorylation of PTEN leads to its inactivation, activation of the PI3K pathway, and the Warburg effect. Our data show that overexpression of Plk1 leads to activation of the PI3K pathway and enhanced aerobic glycolysis. In contrast, inhibition of Plk1 causes markedly reduced glucose metabolism in mice. Mechanistically, we show that Plk1 phosphorylation of PTEN and Nedd4-1, an E3 ubiquitin ligase of PTEN, results in PTEN inactivation. Finally, we show that Plk1 phosphorylation of PTEN promotes tumorigenesis in both its phosphatase-dependent and -independent pathways, revealing potentially new drug targets to arrest tumor cell growth.
W
hereas normal cells generate ATP via mitochondrial respiration, tumor cells tend to metabolize glucose to lactate even in the presence of sufficient oxygen (the Warburg effect) (1) . However, the molecular mechanisms underlying the Warburg effect are still elusive. The phosphatidylinositol 3-kinases (PI3Ks) are responsible for generation of the second messenger phosphatidylinositol 3,4,5-triphosphate (PIP3) from phosphatidylinositol 4,5-bisphosphate (2) . In response to insulin/insulin-like growth factor 1 (IGF-1)-mediated activation of the insulin receptor/ IGF-1 receptor (IR/IGF-1R), PI3K leads to elevation of PIP3, which activates AKT. Activated AKT mediates the subsequent phosphorylation and activation of the mTOR complex, which plays a critical role in the regulation of protein translation and metabolism (3) . AKT is negatively regulated by the tumor suppressor PTEN (phosphatase and tensin homologue), which dephosphorylates PIP3 (4) . Therefore, PTEN acts as a direct antagonist to the PI3K pathway. AKT activates mTOR via a doublenegative mechanism. AKT phosphorylates and inhibits the function of TSC2, a GTPase-activating protein. TSC2 inactivates the small G protein Rheb, an activator of mTOR. Activated mTOR contributes to aerobic glycolysis via either increased protein expression of the glucose transporters GLUT1/3/4 (5) or pyruvate kinase M2 (PKM2) (6) .
PTEN acts as a direct antagonist to the PI3K pathway, whose activation has well-established roles in the Warburg effect. PTEN is phosphorylated at the C terminus. Among the six known phosphorylation sites (T366, S370, S380, T382, T383, and S385), S385 is the primary site (7) . Although casein kinase 2 (CK2) phosphorylates PTEN-S385 in vitro, no evidence has shown that CK2 is responsible for PTEN-S385 phosphorylation in vivo (7) . Regulation of PTEN by phosphorylation is complex. First, phosphorylation of PTEN acts as an inhibitory switch by preventing its recruitment into a protein complex (8) . Phosphorylated PTEN exists in a monomeric "closed" conformation and has low affinity for its interacting proteins. Conversely, unphosphorylated PTEN exists in an "open" conformation and has high binding affinity for its interacting proteins (8) . Second, phosphorylation of the PTEN tail enhances its protein stability (9) . Therefore, phosphorylated and stabilized PTEN is actually 3-fold less active in terms of its lipid phosphatase activity due to lack of interaction with its partners (8) .
PTEN is localized predominantly to the nucleus in primary cells, but its nuclear localization is markedly reduced in cancer cells. Indeed, the absence of nuclear PTEN may serve as a prognostic indicator (10) . Nuclear PTEN functions, such as regulation of the anaphase-promoting complex (APC) (11) , are independent of its phosphatase activity. Nedd4-1, the major E3 ubiquitin (Ub) ligase of PTEN, regulates both PTEN nuclear import and stability. Although Nedd4-1-dependent monoubiquitination of PTEN allows its nuclear import, Nedd4-1-mediated polyubiquitination of PTEN leads to its degradation (12) . Nedd4 family-interacting protein 1 (Ndfip1) is another factor that regulates PTEN nuclear import and ubiquitination. Ndfip1 binds to PTEN and promotes its nuclear import and ubiquitination in a Nedd4-1-dependent manner (13) .
Polo-like kinase 1 (Plk1) is a regulator of many cell cycle-related events, including mitotic entry and bipolar spindle formation (14) . A close correlation between Plk1 expression and carcinogenesis has been documented, and overexpression of Plk1 has incubated with 293A cells at 37°C for 2 days to infect the cells. Two days after infection, the green fluorescent protein (GFP)-positive cells were counted and the viral titers were calculated.
Recombinant protein purification. Various glutathione S-transferase (GST)-tagged PTEN or Nedd4-1 constructs were subcloned into pGEX-KG and expressed in Escherichia coli strain BL21(DE3). The GST fusion proteins were expressed by induction for 4 h at 37°C with 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and purified using glutathione-Sepharose 4B beads according to the manufacturer's instructions.
Plk1 kinase assay. Purified recombinant PTEN or Nedd4-1 was incubated with purified wild-type (WT) Plk1 or Plk1-K82M in kinase reaction buffer [50 mM Tris, pH 7.5, 10 mM MgCl 2 , 2 mM EGTA, 0.5 mM Na 3 VO 4 , 100 mM 4-nitrophenyl phosphate di(tris) salt (PNPP), 25 mM dithiothreitol (DTT), 125 M ATP] supplemented with 10 Ci of [␥- 32 P]ATP at 30°C for 30 min. After the reaction mixtures were resolved by SDS-PAGE, the gels were stained with Coomassie brilliant blue, dried, and subjected to autoradiography.
Measurement of glucose, lactate, and glutamine. Cells were seeded in culture plates and cultured for 48 h after virus infection or transfection. The culture media were collected to measure the levels of glucose, lactate, and glutamine with a glucose assay kit (Eton Bioscience), a lactate assay kit (Eton Bioscience), and a glutamine/glutamate determination kit (Sigma), respectively, and normalized to the cell number.
In vivo ubiquitination assay. 293T cells were cotransfected with plasmids expressing hemagglutinin (HA)-ubiquitin, GFP-PTEN, and FlagPlk1 (T210D or K82M). Forty-eight hours after transfection, the cells were treated with MG132 and harvested for IP with the antibodies indicated in each experiment, followed by IB.
Glucose and insulin tolerance tests. All procedures involving mice were performed with the approval of the Purdue University Animal Care and Use Committee. The mice were housed in the animal facility with free access to standard rodent chow and water. Glucose and insulin tolerance tests (GTT and ITT) were performed after intraperitoneal (i.p.) injection of glucose or insulin, respectively. GTT were performed by injection of D-glucose (Sigma) at a dose of 2 mg/g body weight after an overnight fast. For ITT, insulin (0.5 U/kg of body weight) was injected into fasting mice. Blood glucose levels were then measured at different times (15 min, 30 min, 45 min, 60 min, 75 min, and 90 min) after injection with a Onetouch Ultra glucometer (Lifescan, Mountain View, CA). Measurement of energy expenditure. Oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), and the respiratory exchange ratio (RER) (VCO 2 /VO 2 ) were measured under a consistent environmental temperature and light cycle using an indirect calorimetry system (Oxymax; Columbus Instruments). After the mice were acclimated to the metabolic chamber for 2 days, VO 2 and VCO 2 were measured in individual mice at 15-min intervals during a 48-h period.
Soft-agar assay. Cells were seeded on soft agar in 6-well plates at a density of 1 ϫ 10 3 cells per well and cultured for 3 weeks at 37°C under 5% CO 2 . The dishes were stained with 0.005% crystal violet, and colonies were scored.
Mouse xenograft model. PC3 cells (5 ϫ 10 6 cells per mouse) expressing different forms of GFP-PTEN were mixed with an equal volume of Matrigel (Collaborative Biomedical Products) and inoculated into the flanks of athymic nude mice (Harlan Laboratories). The sizes of the tumors were followed for 3 weeks before the animals were sacrificed. Tumor volumes (estimated using the following formula: V ϭ L ϫ W 2 /2, where V is volume, L is length, and W is width) were measured every other day with a digital caliper.
Measurement of metabolic intermediates with LC-MS. To prepare extracts, cells (2 ϫ 10 6 to 6 ϫ 10 6 ) were quickly quenched with 25 ml cold 60% methanol. After incubation in the cryostat bath (Ϫ45°C) for 3 min, the mixtures were centrifuged at 2,000 ϫ g for 5 min at Ϫ20°C, and the cell pellets were resuspended in 5 ml of cold quenching solution (Ϫ45°C), followed by a second identical centrifugation. To extract the metabolites, tubes containing cell pellets were placed into a 90°C water bath and im-mediately overlaid by a solution of 75% (vol/vol) boiling ethanol. After 3 min incubation, the tubes were transferred to a Ϫ80°C freezer until further analysis. The high-performance liquid chromatography (HPLC)-electrospray ionization (ESI)-mass spectrometry (MS) system (Agilent), consisting of a capillary 1100 series HPLC system and an ESI source and time of flight (TOF) mass spectrometer, is controlled by ChemStation software. Separations were performed on a Zorbax C 8 column (2.1 mm by 150 mm) with the autosampler setting at 10°C. The elution started from 95% mobile phase A (5 mM tetrabutylammonium [TBA] aqueous solution adjusted to pH 5.0 with acetic acid) and 5% mobile phase B (100% acetonitrile [ACN] ) and was raised to 70% B in 25 min and further raised to 100% B in 2 min and then held at 100% B for 3 min. The flow rate was set at 0.3 ml/min, with an injection volume of 20 l. Liquid chromatography (LC)-ESI-MS chromatograms were acquired in negative ion mode under the following conditions: capillary voltage, 4,000 V; fragmenter, 165 V; dry temperature, 300°C; dry-gas flow maintained at 8 liters/min; and acquisition range, m/z 150 to 1,000. To monitor metabolites, individual standard metabolite solutions (each 0.1 mM) were separately labeled with aniline and [ 13 C 6 ]aniline, and a 1:1 mixture was analyzed. The LC peak and MS spectrum patterns were examined to confirm the labeling reaction and to obtain the m/z value for sample analysis. A 14.3 M standard mixture including 33 analytes was used for optimizing the labeling and separation conditions. To determine the detection limit and linearity range, a mixture of 33 analytes at various concentrations for each component (depending on its MS response intensity) was prepared. A series of dilutions from this mixture were labeled with aniline. Another aliquot of the mixture was labeled with aniline-13C6, and a certain amount of this derivative mixture was added to the above-mentioned series of solutions as references for MS response calibration.
Statistical analysis. All data are presented as means and standard deviations (SD). Statistical calculations were performed with Microsoft Excel analysis tools. A two-tailed, unpaired Student t test was used to assess the difference between the effects of treatment in cell lines. One-way analysis of variance was used to determine statistically significant differences from the mean in the animal study. P values of Ͻ0.05 were considered statistically significant.
RESULTS

Plk1
regulates the PI3K pathway. Because the phosphorylation status of several members of the PI3K pathway is regulated by Plk1-associated activity (16) (17) (18) , we decided to test whether Plk1 regulates this pathway. Accordingly, we first showed that BI2536, a Plk1 inhibitor (19) , reduced the phosphorylation level of S6 in mimosine-treated DU145 prostate cancer cells (Fig. 1A) . Addition of mimosine, a drug that causes cell cycle arrest at G 1 , ensured that cells were at the same stage of the cell cycle. Next, we showed that depletion of Plk1 also inhibited activation of the PI3K pathway in Panc1 pancreatic cancer cells, revealing a universal role for Plk1 in different cancer lines (Fig. 1B) . Furthermore, depletion of Plk1 also antagonized insulin-and IGF-1-induced activation of the PI3K pathway in Panc1 cells (Fig. 1C and D) . We are aware that depletion of Plk1 leads to G 2 /M arrest in cancer cells (20) . Thus, to rule out a cell cycle effect, we used an adenovirus-based approach to overexpress GFP-Plk1 in four nontransformed cell lines, as modification of Plk1 in normal cells does not induce cell cycle defects (20, 21) . The cell lines used were HPDE6, a human pancreatic duct epithelial cell line with a nearly normal genotype and phenotype (22) ; HCEC-1CT, an immortalized human colonic epithelial cell line expressing Cdk4 and telomerase (23); MCF10A, an immortal cell line that arose spontaneously from mortal human diploid breast epithelial cells without virus or chemical intervention (24) ; and RWPE1, an immortal cell line originating from normal human prostate epithelium that does not form solid tumors when implanted into nude mice (25) . Overexpression of Plk1 in all four cell lines led to activation of the PI3K pathway, as indicated by elevation of pAKT and pS6 levels ( Fig. 1E to H) . Further, we showed that Plk1 ϩ/Ϫ mouse embryonic fibroblasts (MEFs) had reduced phosphorylation levels of AKT and S6 in comparison to wild-type (WT) MEFs (Fig. 1I) and that reexpression of WT Plk1 but not the kinase-defective Plk1-K82M mutant rescues activation of the PI3K pathway (Fig. 1J) . Thus, we conclude that Plk1 regulates the PI3K pathway.
Considering that Plk1 is a target of the E3 ubiquitin ligase APC/ cyclosome-Cdh1 (APC/C-Cdh1), we also asked whether depletion of Cdh1 by lentivirus-based RNAi (26) phenocopies the Plk1 overexpression phenotype. As indicated, Cdh1 depletion led to stabilization of Plk1 and elevation of phosphorylation levels of AKT and S6 (Fig. 1K and L) . Because PTEN is the major regulator of the PI3K pathway, we asked if Plk1-induced activation of the PI3K pathway was PTEN dependent. As shown in Fig. 1M , overexpression of GFP-Plk1 in PTEN-null PC3 cells did not lead to activation of the PI3K pathway. Similarly, overexpression of GFPPlk1 did not affect the status of AKT phosphorylation in RWPE1 cells after PTEN depletion ( Fig. 1N and O) . Therefore, Plk1-induced activation of the PI3K pathway is PTEN dependent. Plk1 regulates energy metabolism. Considering the critical role of the PI3K pathway in glucose metabolism, we next asked whether Plk1 overexpression affects this process. As indicated, overexpression of Plk1 led to increased glucose consumption and lactate production in HPDE6, HCEC-1CT, and MCF10A cells ( Fig. 2A to C) . In agreement with this, overexpression of Plk1 increased the level of PKM2, a critical regulator of aerobic glycolysis, in these cells (Fig. 1E to G) . Furthermore, LC-MS analysis of metabolic intermediates indicated that depletion of Plk1 reduces the levels of glucose-6-phosphate (G-6-P), 3-phosphoglycerate (3-PG), and phosphoenolpyruvate (PEP), three intermediates of glycolysis (Fig. 2D) , and the levels of fumarate, malate and ␣-ketoglutarate, three intermediates of the tricarboxylic acid (TCA) cycle (Fig. 2E) . In contrast, a Plk1-induced Warburg effect was not observed in PTEN-null PC3 cells (Fig. 2F ) or in PTEN-depleted RWPE1 cells (Fig. 2G) .
To further test whether Plk1 is indeed involved in energy metabolism, we performed a series of experiments with mice. We first expressed GFP-Plk1 via intravenous injection of adenovirus, a protocol that has been used in viral-gene delivery (27) . Reverse transcription (RT)-PCR results indicated that the liver is the major organ with a high level of Plk1 expression upon virus injection (data not shown). As indicated, expression of GFP-Plk1 resulted in activation of the PI3K pathway and elevation of PKM2 in the liver (Fig. 3A) . Significantly, expression of Plk1 increased glucose uptake in a GTT (Fig. 3B) . In an alternative approach, we transiently expressed Flag-Plk1 in the livers of adult mice using hydrodynamic tail vein injections, as described previously (28), and found that expression of Flag-WT Plk1 but not the kinase-dead K82M mutant led to an increase in the phosphorylation levels of AKT and PTEN-S385 (Fig. 3C) . Moreover, expression of FlagPlk1 enhanced glucose uptake in both GTT (Fig. 3D ) and ITT ( Fig. 3E ) experiments. Third, we asked whether inhibition of Plk1 affects energy metabolism ( Fig. 3F to H). In these experiments, mice were treated with BI2536 for 1 week, and no obvious phenotypes, including significant weight loss and reduced appetite, were observed after the treatment. As indicated, refeeding of starved mice activated the PI3K pathway, and pretreatment with BI2536 antagonized this effect (Fig. 3F ), confirming that Plk1 regulates the PI3K pathway. In agreement with the results based on the approaches that overexpress Plk1 ( Fig. 3A to E), BI2536 treatment inhibited glucose uptake (Fig. 3G) . Furthermore, indirect calorimetry analysis revealed that BI2536-treated mice showed lower energy expenditure than control mice, as indicated by both reduced CO 2 production and reduced O 2 consumption (Fig. 3H ). In contrast, overexpression of Flag-Plk1 resulted in higher energy expenditure than control mice (Fig. 3I ).
Finally, we tested whether Plk1-mediated regulation of glucose metabolism depends on the PI3K pathway. We first tested the role of PTEN, as Flag-Plk1 expression in mouse liver increased the phosphorylation level of PTEN-S385 (Fig. 3C ). As indicated, VO-OH, a PTEN inhibitor (29) , antagonized the inhibitory effect of BI2536 on glucose uptake (Fig. 4A ), suggesting that Plk1 regulates glucose metabolism via its activity toward PTEN. Second, a similar result was obtained with PTEN knockout mice (Fig. 4B ). Third, we used liver-specific mTOR knockout mice ( Fig. 4C and D) and showed that these mice lose their response to BI2536 in GTT experiments (Fig. 4E) . Fourth, Plk1-induced glucose uptake can be reversed by rapamycin, an mTOR inhibitor, confirming a critical role of the PI3K pathway in increased glucose consumption due to Plk1 elevation (Fig. 4F ).
Plk1 phosphorylates PTEN at S385. To understand how Plk1 regulates the PI3K pathway, we focused on PTEN. We first showed by coimmunoprecipitation experiments that overexpressed Plk1 binds to overexpressed PTEN ( Fig. 5A and B) . We then showed that Plk1 directly phosphorylates PTEN (Fig. 5C ) at S385 ( Fig. 5D and E). Plk1 phosphorylation of PTEN at S385 was confirmed by anti-pS385-PTEN IB (Fig. 5F) . Moreover, the level of pS385 (phospho-PTEN-S385) was inhibited by BI2536, indicating that phosphorylation of PTEN-S385 is dependent on Plk1 activity in cells (Fig. 5G) . Further, anti-pS385 detected phosphorylated PTEN in mitotic cell lysates but not from Plk1-inhibited cells, suggesting that endogenous PTEN is phosphorylated at S385 by Plk1 ( Fig. 5H and I ). Considering that CK2 is a PTEN kinase in vitro (7), we then depleted either Plk1 or CK2 with RNAi in cells expressing GFP-PTEN. Depletion of Plk1 significantly reduced the signal of pS385, confirming that Plk1 is indeed a kinase responsible for phosphorylation of PTEN-S385. In contrast, CK2 depletion did not affect the level of pS385 but slightly reduced the signal of pS370 (phospho-PTEN-S370), suggesting that CK2 might phosphorylate PTEN-S370 but not S385 (Fig. 5J) . Finally, PTEN-S385 is conserved among different species, and the sequence context fits the consensus Plk1 phosphorylation site (Fig. 5K) .
Plk1 phosphorylation of PTEN inhibits its polyubiquitination, degradation, and activity. Having established that Plk1 is responsible for PTEN-S385 phosphorylation, we next explored the functional significance of this phosphorylation event. Overexpression or inhibition of Plk1 resulted in an increased or decreased level of PTEN protein, respectively (Fig. 6A) , suggesting that Plk1 might regulate the degradation of PTEN. In agreement with this, introduction of alanine mutants at S370, S380, or S385 resulted in a reduced level of PTEN (Fig. 6B) . Further, we ectopically expressed various PTEN constructs at different known phosphorylation sites and measured the half-lives of these proteins. Introduction of aspartic acid or alanine mutations at S370, S380, T382, T383, or S385 resulted in stabilization or degradation of PTEN, respectively ( Fig. 6C to G) , indicating that phosphorylation of PTEN at different sites of the C terminus inhibits its degradation. Next, we asked whether Plk1-associated activity toward PTEN inhibits its polyubiquitination, a prerequisite of protein degradation, by cotransfection of Plk1 with different activities (T210D, Mice were intravenously injected with adenovirus expressing Plk1. Four days later, the mice were subjected to starvation for 16 h, injected with glucose, and followed by measurement of blood glucose levels (B) and IB of liver homogenates (A). (C to E) Vector-based Plk1 overexpression causes activation of the PI3K pathway and increased glucose uptake. Male mice fed with regular chow (n ϭ 8) were intravenously injected with Flag-Plk1 (WT or K82M) and either sacrificed for IB of liver homogenates (C) or subjected to GTT (D) and ITT (E). (F to H) Inhibition of Plk1 affects energy metabolism. Mice were treated with BI2536 (6 mg/kg of body weight) for 1 week, subjected to starvation for 16 h, refed, and subjected to IB of liver homogenates (F), GTT (G), and indirect calorimetry of BI2536-injected mice (BI2536) and control mice (H). Carbon dioxide release (VCO 2 ) and oxygen consumption (VO 2 ) per kg of body weight were determined in metabolic chambers (n ϭ 6 per group). (I) Flag-Plk1 overexpression increases energy expenditure in mice. Male mice fed with regular chow were intravenously injected with Flag-Plk1 and subjected to indirect calorimetry within 4 days of injection. Oxygen consumption, carbon dioxide release, and RER (VCO 2 /VO 2 ) were determined in control and Flag-Plk1-expressing mice in metabolic chambers (n ϭ 6 per group). The data are presented as means and SD. *, P Ͻ 0.05; **, P Ͻ 0.01. constitutively active; K82M, kinase defective). As indicated, cotransfection of Plk1-T210D inhibited polyubiquitination of WT PTEN but not of PTEN-S385A, whereas cotransfection of Plk1-K82M enhanced polyubiquitination of PTEN (Fig. 6H to J) , supporting the notion that Plk1 phosphorylation of PTEN-S385 inhibits its polyubiquitination and thus its degradation.
It has been established that stabilized PTEN is less active due to lack of interaction with its partners (8, 9) . In agreement with this, expression of PTEN-S385A resulted in stronger inhibition of the PI3K pathway than expression of PTEN-S385D. Moreover, expression of PTEN-S385A increased cell death, as indicated by a higher level of cleaved PARP (c-PARP) and a reduced level of PKM2, suggesting that PTEN-S385A has a stronger tumor-suppressive function than PTEN-S385D (Fig. 6K ). In agreement with this, cells expressing PTEN-S385A proliferated more slowly than cells expressing PTEN-S385D (Fig. 6L) . Upon expression of WT PTEN and PTEN-S385A, the cells rounded up, began to detach from the culture dish within 2 days, and formed clusters in later stages. In contrast, expression of PTEN-S385D did not change the morphology significantly (Fig. 6L) . Finally, ectopic expression of PTEN-S385A in 293T cells also showed a much stronger inhibitory effect on colony formation than PTEN-S385D in both anchorage-dependent (Fig. 6M ) and -independent (Fig. 6N) assays.
Plk1 phosphorylation of PTEN inhibits its monoubiquitination and nuclear localization. Considering that nuclear localization of PTEN is critical for its tumor-suppressive functions, we were intraperitoneally injected with BI2536, VO-OH (5 g/kg of body weight), or both drugs once a day for seven consecutive days and subjected to GTT. (B) BI2536-mediated inhibition of glucose uptake can be reversed by depletion of PTEN. Mice (WT or PTEN knockout) were intraperitoneally injected with BI2536 once a day for seven consecutive days. (C) Mice with liver-specific mTOR knockout. Liver-specific mTOR knockout mice were obtained by crossing LoxP-StopLoxP (LSL)-mTOR mice with mice expressing liver-specific Cre. Livers were obtained from WT, mTOR ϩ/Ϫ , or mTOR Ϫ/Ϫ mice, and total protein lysates were probed with antibodies against pS6 and S6. To test the genotypes of mTOR-depleted mice, genomic DNA was prepared from tail clips 0.5 to 0.8 mm in length and subjected to PCR. For the standard PCR, 10 ng genomic DNA was amplified using the sense primer 5=-TTA TGT TTG ATA ATT GCA GTT TTG GCT AGC AGT-3= and the antisense primer 5=-TTT AGG ACT CCT TCT GTG ACA TAC ATT TCC T-3=. (D) Liver-specific mTOR depletion does not affect body weight in mice at the age of 6 weeks. (E) mTOR is required for Plk1-mediated regulation of energy metabolism. Liver-specific mTOR knockout mice were treated with BI2536 for 1 week and subjected to GTT. (F) Inhibition of mTORC1 reverses Plk1 overexpression-induced glucose uptake. 293T cells were transfected with Plk1 for 24 h, treated with 100 nM rapamycin for 24 h or left untreated, and harvested for measurement of the glucose remaining in the culture media (top) or for IB (bottom). The data are presented as means and SD.
asked whether Plk1-associated kinase activity regulates the nuclear/cytoplasmic shuttling of PTEN. As indicated, inhibition of Plk1 by BI2536 completely blocked nuclear export of PTEN in DU145 (Fig. 7A and B) and RWPE1 (Fig. 7C ) cells. Furthermore, BI2536 treatment also increased the nuclear PTEN signal assessed by antibodies against pS380 and pS380/pT382/pT383 of PTEN ( Fig. 7D  and E) . We understand that inhibition of Plk1 results in mitotic arrest, which might be responsible for the increased PTEN nuclear localization. However, nocodazole treatment did not increase nuclear localization of PTEN, suggesting that the BI2536-induced increase of nuclear PTEN is not due to cell cycle arrest. To confirm this observation, we compared the subcellular localization of different PTEN constructs. The S370A mutant had a distribution pattern similar to that of WT PTEN, indicating that CK2 is unlikely to regulate the nuclear functions of PTEN. Although the S380A mutation did increase the nuclear import of PTEN, phosphorylation of S385 was clearly the most dominant factor that controlled the nuclear/cytoplasmic shuttling of PTEN, as the S385A mutant was exclusively nuclear (Fig. 7F and G) . Of note, S385 was previously identified as the major phosphorylation site in vivo (7) . In addition, PTEN nuclear localization was not affected by treatment of the cells with a CK2 inhibitor, further indicating that CK2 is not responsible for S385 phosphorylation. Finally, subcellular fractionation followed by IB confirmed the data based on IF staining (Fig. 7H) .
Because monoubiquitination of PTEN leads to its nuclear import (12) and because Plk1 phosphorylation of PTEN-S385 results in its cytoplasmic accumulation, we asked whether Plk1 phosphorylation of PTEN-S385 affects its monoubiquitination. To detect monoubiquitinated PTEN, lysine-free ubiquitin (KØ-HAUb) was used to prevent polyubiquitin chain formation. As indicated, coexpression of constitutively active Plk1-T210D reduced the mono-ubiquitinated form of WT PTEN but not PTEN-S385A (Fig. 7I) , suggesting that Plk1 phosphorylation of PTEN-S385 does inhibit its monoubiquitination. Because nuclear import of PTEN is Nedd4-1 dependent, we asked whether Plk1 phosphorylation of PTEN affects its interaction with Nedd4-1. As indicated, GFP-PTEN-S385D showed significantly reduced ability to bind Flag-Nedd4-1 in comparison to WT PTEN and the PTEN-S385A mutant (Fig. 7J) , suggesting that Plk1 phosphorylation of PTEN inhibits its interaction with Nedd4-1.
Overexpression of PTEN-S385A induces a tumor-suppressive metabolic state by regulating phosphatase-dependent and -independent pathways. Because Plk1 overexpression promotes the Warburg effect (Fig. 2) , we next tested whether Plk1 phosphorylation of PTEN affects energy metabolism, in which PTEN has an established role (30) . PKM2, a downstream target of the Pl3K/AKT/mTOR pathway, is a central component in cancer metabolism. As described above, expression of PTEN-S385A resulted in a reduced level of PKM2, likely due to an inactive PI3K pathway in these cells (Fig. 6K) .
Because PTEN-S385A localizes mainly to the nucleus, and because nuclear PTEN is essential for the function of APC/C-Cdh1, we asked whether APC/C-Cdh1 activity is regulated by Plk1 phosphorylation of PTEN. Ectopic expression of PTEN-S385A but not WT PTEN or PTEN-S385D strongly inhibited the expression levels of cyclin B, Plk1, GLS, and PFKFB3 (Fig. 8A) , four substrates of APC/C-Cdh1 (30) (31) (32) . PFKFB3 catalyzes the formation of fructose 2,6-bisphosphate, which in turn activates 6-phosphofucto-1-kinase, a rate-limiting enzyme in glycolysis, whereas GLS, the first enzyme in the glutaminolysis pathway, converts glutamine to glutamate. Because nuclear PTEN regulates APC/C-Cdh1 function in a phosphatase-independent manner (11), we next asked whether the phosphatase activity of PTEN affects regulation of APC/CCdh1 function via the phosphorylation state at S385. As predicted, cells expressing PTEN-S385A/C124S, a phosphatase-dead mutant, behaved almost identically to cells expressing PTEN-S385A in terms of expression levels of cyclin B, GLS, and PFKFB3 ( Fig. 8B and C), indicating that Plk1 phosphorylation of PTEN regulates APC/C-Cdh1 activity in a phosphatase-independent manner.
Moreover, we directly measured the levels of glucose, lactate, and glutamine in media from cells expressing different PTEN constructs. In agreement with the reduced protein levels of PKM2, PFKFB3, and GLS, cells expressing PTEN-S385A showed decreased glucose uptake (Fig. 8D) , reduced lactate production (Fig.  8E) , and decreased glutamine uptake (Fig. 8F) . In comparison to cells expressing PTEN-S385A, cells expressing PTEN-S385A/ C124S consumed more glucose and produced more lactate, suggesting that Plk1 phosphorylation of PTEN affects energy metabolism by regulating PI3K-dependent and -independent pathways. Finally, introduction of the S385A mutation in PTEN increased its ability to inhibit colony formation in both WT and C124S backgrounds ( Fig. 8G and H) , confirming that Plk1 phosphorylation of PTEN regulates its tumor-suppressive functions via both phosphatase-dependent and -independent pathways.
PTEN is the major mediator of Plk1 elevation-induced phenotypes. To confirm that PTEN is indeed the major mediator of deregulation of glucose metabolism and the PI3K pathway due to Plk1 elevation, we performed a series of rescue experiments. First, we showed that coexpression of PTEN-S385A significantly inhibited overexpression of Plk1-induced elevation of glucose consumption (Fig. 9A) and lactate production (Fig. 9B ) and increased levels of pAKT, pS6, and PKM2 (Fig. 9C) . Further, cotransfection of PTEN-S385A also antagonized Plk1-T210D expression-induced elevation of pS6 (Fig. 9D) . In contrast to Plk1-T210D, expression of Plk1-K82M resulted in decreased levels of pAKT and pS6, due to a dominant-negative effect (Fig. 9D to F) . Second, we showed that the PTEN inhibitor VO-OH, but not the PI3K inhibitor wortmannin, rescued the BI2536-induced decrease of pAKT (Fig. 9G) . Finally, coexpression of PTEN-S385D but not WT PTEN rescued Plk1-K82M-induced inhibition of AKT activation (Fig. 9H) . Therefore, we conclude that PTEN is the major mediator of the Plk1 elevation-associated Warburg effect and activation of the PI3K pathway.
Plk1 phosphorylation of Nedd4-1 also contributes to PTEN inactivation. We understand that PTEN regulation is exceedingly complex (33) . Three E3 ubiquitin ligases, Nedd4-1, WWP2, and RFP, have been reported to mediate PTEN ubiquitination (34) (35) (36) . We therefore tested the possibility that Plk1 also affects PTEN function via its activity toward these E3 ligases. As indicated, Plk1 also directly phosphorylates Nedd4-1 (Fig. 10A) at S328 (Fig.  10B) . With a phosphospecific antibody we generated (Fig. 10C) , we next showed that Nedd4-1-S328 is phosphorylated in vivo (Fig.  10D) . Moreover, we showed that endogenous Nedd4-1 is phosphorylated at S328 in a Plk1-dependent manner (Fig. 10E) . Because the activity and level of Plk1 are cell cycle regulated and because Plk1 phosphorylates Nedd4-1, we asked whether Nedd4-1 phosphorylation at S328 is regulated through the cell cycle. We analyzed phosphorylation of Nedd4-1 using pS328 antibodies in cells synchronized at various cell cycle stages. HeLa cells were synchronized with the double thymidine block (DTB) at the G 1 /S boundary and released for different times. Fluorescenceactivated cell sorting (FACS) was used to monitor cell cycle progression (Fig. 10F) . Immunoblotting using an antibody that recognizes Nedd4-1 irrespective of its phosphorylation state indicated that the total amount of Nedd4-1 did not change during the cell cycle (Fig. 10G) . However, the Nedd4-1-S328 phosphorylation level gradually increased from S phase and peaked from 12 h to 15 h as cells went through mitosis, which correlates with the Plk1 expression profile (Fig. 10G) . Quantification of the results obtained in HeLa cells, using standardization with known amounts of phosphorylated and nonphosphorylated Nedd4-1, indicated that phosphorylation was increased up to 37-fold. However, as the DTB protocol did not arrest all cells and cells were not at precisely the same point, we consider this number to be an underestimate of the maximal level of phosphorylation. Thus, the degree of synchrony of the various cell preparations influenced the increase in phosphorylation observed. Furthermore, we showed that Plk1 and pS328-Nedd4-1 epitopes were colocalized in various mitotic structures, such as kinetochores in prophase, spindle poles in metaphase, midzones in telophase, and midbodies in cytokinesis (Fig. 10H to J) .
We then tested the possibility that Plk1 phosphorylation of Nedd4-1 affects its E3 ubiquitin ligase activity toward PTEN. For that purpose, 293T cells were cotransfected with GFP-tagged PTEN and His-ubiquitin in the presence or absence of HANedd4-1 coexpression. Next, GFP-PTEN proteins were immunoprecipitated from total cell extracts, and covalently linked His-Ub was detected by immunoblotting using an anti-His antibody. As shown in Fig. 10K , the patterns and intensities of bands recognized by the anti-His antibodies were comparable in cells with or without Nedd4-1, indicating that overexpression of Nedd4-1 does not significantly affect the ubiquitination of WT PTEN. Next, we asked whether Plk1-mediated phosphorylation of Nedd4-1 regulates its activity toward PTEN. Accordingly, 293T cells were cotransfected with GFP-PTEN, His-ubiquitin, and various HANedd4-1 (WT, S328A, or S328D) constructs. Our results showed that Plk1-mediated phosphorylation of Nedd4-1 was unable to stimulate or inhibit WT-PTEN ubiquitination (Fig. 10L) . Pulsechase experiments performed with cycloheximide (CHX) to block protein synthesis also revealed no difference in PTEN stability ( Fig. 10M and N) . Thus, our results suggest that Nedd4-1 or Plk1 phosphorylation of Nedd4-1 had no significant effect on the stability or ubiquitination of wild-type PTEN. Considering that phosphorylation of PTEN-S385 plays a crucial role in regulating PTEN ubiquitination and degradation, we further asked whether Plk1 phosphorylation of Nedd4-1 might have a role in the regulation of PTEN-S385A. 293T cells were cotransfected with GFP-PTEN-S385A and His-ubiquitin with or without HA-Nedd4-1. As indicated, overexpression of Nedd4-1 in 293T cells indeed caused an increase of PTEN-S385A ubiquitination (Fig. 11A ). More significantly, cells expressing Nedd4-1-S328A exhibited a higher level of PTEN-S385A polyubiquitination than cells expressing Nedd4-1-S328D (Fig. 11B) , which could be further amplified by MG132 (Fig. 11C) , indicating that Nedd4-1-S328 phosphorylation prevents PTEN-S385A polyubiquitination. Further, Nedd4-1-expressing cells with coexpression of Plk1-K82M had a higher level of polyubiquitination of PTEN than those with coexpression of Plk1-T210D, but such a difference was minimized in Nedd4-1-S328A-expressing cells, suggesting that Plk1 phosphorylation of Nedd4-1-S328 contributes to PTEN polyubiquitination (Fig. 11D ). In agreement with this, pulsechase experiments revealed that cells expressing Nedd4-1-S328A exhibited a much shorter half-life of PTEN-S385A than cells expressing Nedd4-1-S328D (Fig. 11E and F) , further indicating that Nedd4-1-S328 phosphorylation prevents PTEN-S385A polyubiq- uitination and degradation. Finally, we showed that Nedd4-1-S328 phosphorylation also inhibits PTEN-S385A monoubiquitination (Fig. 11G) . Therefore, Plk1 phosphorylation of Nedd4-1 inhibits its E3 ligase activity toward PTEN in a specific cellular context. Plk1 phosphorylation of PTEN inhibits its autodephosphorylation activity. Because S385 is the major phosphorylation site (7), we asked whether Plk1 phosphorylation of PTEN-S385 affects the phosphorylation status of other sites. Cells expressing PTEN-S385A showed significantly lower phosphorylation levels at S370, S380, and S380/T382/T383 than cells expressing PTEN-S385D (Fig. 12A) , suggesting that phosphorylation at S385 enhances phosphorylation at other sites. We also analyzed the potential effects of S370 and S380 on phosphorylation of S385. Introduction of the S370A (Fig. 12B) or S380A (Fig. 12C ) mutation did not significantly affect the phosphorylation level of S385. We tested two possibilities that might be responsible for the observation shown in Fig. 12A . First, we asked whether Plk1 phosphorylation of PTEN creates a docking site for other kinases, such as CK2, subsequently enhancing phosphorylation at other sites. A sequential kinase assay was performed. Prior incubation of PTEN with Plk1 did not render it a more robust substrate for CK2 ( Fig. 12D and E), indicating that Plk1 phosphorylation of PTEN-S385 did not affect phosphorylation of PTEN by CK2. In support of this, the GST-PTEN-S385D mutant was not more susceptible to CK2 phosphorylation (Fig. 12D, lane 5) . Second, we asked whether S385 phosphorylation inhibits the autodephosphorylation activity of PTEN, as a striking feature of PTEN is its predilection for autodephosphorylation (37) . For that purpose, we compared the phosphorylation levels of PTEN in cells expressing either WT PTEN or the PTEN-C124S mutant. We found that phosphorylation of S370, S380, T382, and T383 but not S385 was markedly decreased in cells expressing WT-PTEN compared to cells expressing PTEN-C124S (Fig. 12F) , indicating that PTEN dephosphorylates itself at S370, S380, T382, and T383 but not at S385. Next, we compared the phosphorylation levels of other sites in cells expressing PTEN-S385A versus PTEN-S385A/C124S. Cells expressing PTEN-S385A/C124S showed higher levels of phosphorylation at S370, S380, T382, and T383 than cells expressing PTEN-S385A, suggesting that S385 phosphorylation inhibits autodephosphorylation of S370, S380, T382, and T383. In agreement with this, cells expressing both PTEN-S385D and PTEN-S385D/C124S showed high levels of phosphorylation at S370, S380, T382, and T383 (Fig. 12G) .
As phosphorylation of PTEN at S385 affects the phosphorylation of the C-terminal cluster, which is critical to regulate PTEN stability, we next explored the possibility that S385 controls PTEN stability by affecting its autodephosphorylation toward other sites. To address this question, the serine/threonine cluster S380/T382/ T383 was mutated to phosphomimic aspartic acid (D), while S385 was mutated to alanine (A) (S380D/T382D/T383D/S385A [3D: A]). Then, the relevant phosphorylation site mutants were produced in 293T cells by transient transfection, and the steady-state levels of GFP-PTEN (WT or mutants) were determined by immunoblot analysis. While the S385A mutation resulted in a marked decrease in the steady-state protein level, S380D/T382D/T383D (3D) and 3D:A mutations did not change the steady-state level of PTEN (Fig. 12H) . Furthermore, pulse-chase experiments revealed a marked reduction in the S385A half-life. In contrast, the stability of the 3D:A mutant was almost identical to that of WT PTEN (Fig. 12I) . To investigate whether the 3D:A mutation increased PTEN stability by inhibiting PTEN ubiquitination, we cotransfected His-ubiquitin and various forms of GFP-PTEN into 293T cells, followed by anti-GFP IP and anti-His IB. As expected, the more stable 3D:A mutant displayed apparently less intensity of His-ubiquitin conjugation events than the S385A mutant (Fig.  12J) . On the basis of all these results, our findings strongly indicate that the reduced stability of PTEN-S385A is due to PTEN autodephosphorylation toward the C-terminal cluster.
Dephosphorylation of PTEN at the C-terminal cluster plays a role not only in reducing its protein stability but also in increasing its phosphatase activity. To determine whether the resulting increase of phosphatase activity by dephosphorylation of PTEN-S385 is due to PTEN autodephosphorylation, the effects of 3D:A, S385A, and S385D on the phosphorylation of AKT were compared. As indicated in Fig. 12K , the abilities of S385A and 3D:A to reduce pAKT were similar compared to that of S385D, suggesting that PTEN-S385A regulates its phosphatase activity independently of the autodephosphorylation of PTEN. Moreover, expression of both PTEN-S385A and PTEN-3D:A led to cell death, as indicated by higher levels of c-PARP than cells expressing PTEN-S385D (Fig. 12K) , suggesting that PTEN-S385A and PTEN-3D:A likely have similar tumor-suppressive functions.
We continued to evaluate whether the S385A increase of nuclear import is due to increased autodephosphorylation of PTEN. As indicated, the S385A and 3D:A mutants equally favored PTEN nuclear accumulation, while the 3D mutant was localized in the cytoplasm (Fig. 12L) . Further, subcellular fractionation followed by IB confirmed the data based on IF staining (Fig. 12M) . Therefore, dephosphorylation of PTEN-S385 enhances PTEN nuclear localization in a manner independent of its autodephosphorylation. We also asked whether APC/C-Cdh1 activity is regulated by 3D:A. Ectopic expression of PTEN-S385A and 3D:A but not 385D strongly inhibited the expression levels of cyclin B and Plk1 (Fig.  12N) . Finally, we showed that cells expressing PTEN-S385A and PTEN-3D:A have similar colony formation abilities (Fig. 12O) . Thus, we conclude that additional phosphorylation at S380/T382/ T383 did not significantly affect PTEN-S385A expression-induced phenotypes and that S385 phosphorylation has a much more dominant effect than phosphorylation of other sites in the regulation of PTEN functions.
Plk1 phosphorylation of PTEN-S385 inhibits its tumor-suppressive function in human prostate cancer xenografts. Finally, we directly compared the tumor-suppressive abilities of different forms of PTEN with a human prostate cancer xenograft model. As indicated in Fig. 13A to C, the tumors carrying PTEN-S385A were the smallest, whereas the tumors expressing PTEN-S385D/C124S had the largest volume and weight, suggesting that Plk1 phosphorylation of PTEN-S385 inhibits its tumor-suppressive function by regulating both phosphatase-dependent and -independent pathways.
DISCUSSION
It is well established that Plk1 is involved in almost every step of mitosis (14) . However, increasing evidence suggests that Plk1 has additional, nonmitotic functions that might play a more critical role in tumorigenesis. Because one tends to think that overexpression of Plk1 in cancer cells is simply a secondary effect of higher proliferation, we previously compared expression levels of Plk1 in well-synchronized cells. We showed that the levels of Plk1 are significantly higher in cancer cells than in normal cells at the same stage of the cell cycle. Expression of Plk1 can be easily detected even in the G 1 /S phase of most cancer cells but not in nontransformed cells. Furthermore, Plk1 localizes mainly to the nucleus in the interphase of cancer cells (38) , suggesting that Plk1 must have cancer cell-specific functions in interphase. In agreement with this, depletion of Plk1 with RNAi results in both G 1 and G 2 arrest (39) . Such an observation was later confirmed by the fact that Plk1 is involved in DNA replication in cancer cells (40) (41) (42) . Of note, the nuclear localization of Plk1 in the interphase of cancer cells has been independently confirmed by others (43) .
Here, using an adenovirus-based approach, we have shown that overexpression of Plk1 results in the Warburg effect in several different nontransformed cell lines, indicating that this observation is unlikely to be cell line specific. Considering the important role of the Warburg effect in tumorigenesis, this finding provides further evidence that elevated Plk1 is not just a secondary effect of higher proliferation of cancer cells. In contrast, our data suggest that elevation of Plk1 directly contributes to cellular transformation.
To dissect the mechanism underlying Plk1-mediated deregulation of energy metabolism, we identified PTEN as its major target in this process. It was recently shown that systemic elevation of PTEN induces a tumor-suppressive metabolic state by regulating PI3K-dependent and -independent pathways (30) . We provide data to show that this important function of PTEN is regulated by Plk1-associated phosphorylation of PTEN and Nedd4-1. Significantly, Plk1 phosphorylation of PTEN and Nedd4-1 inhibits PTEN ubiquitination, the major regulatory mechanism of PTEN. Prevention of polyubiquitination of PTEN results in its stabilization, albeit with less activity toward PIP3, and thus activation of the PI3K pathway and PKM2, a master regulator of glycolysis. Inhibition of monoubiquitination of PTEN results in its nuclear exclusion and inactive APC/C-Cdh1, and thus elevated levels of PFKFB3 and GLS, rate-limiting factors of glycolysis and glutaminolysis, respectively. Therefore, we provide a novel mechanism to link Plk1, PTEN, energy metabolism, and tumorigenesis (Fig.  13D ). In addition, Plk1 phosphorylation of PTEN might also regulate its newly identified mitotic activity (44) .
